Using 10 different infusion bag pressure pumps, indicated manometer pressures were compared with measured infusion pressures proximal to the flow-regulating device in an in vitro experiment. Flow rates delivered through the flow-regulating device were gravimetrically measured at different monitored pressure levels.
Continuous flushing of arterial cannulae used for invasive arterial pressure monitoring and for intermittent blood drawing is essential to maintain catheter patency and to minimize thrombotic complications. Continuous flushing can be established using an externally pressurized infusion bag and a flow regulating device 1,2 or a syringe pump. Syringe pumps are the world standard in neonatology to provide continuous arterial flushing at flow rates of 0.5 to 1.0 ml/h. Pressurized bag pump flush systems usually require a 250-500 ml plastic bag of a heparinized solution compressed by a bag pump up to 300 mmHg 3, 4 . In combination with a standard flow-regulating device a continuous flow of approximately 3 ml/h is delivered through the arterial cannula 5 . Opening the flowregulating device also allows fast bolus flushing in order to purge the pressure monitoring line and cannula of blood.
Different authors have reported on the variability of fluid rates at 300 mmHg manometer pressure through flow-regulating devices of the same brand (range 3.1 to 4.6 ml/h) and among different models of flow-regulating devices (range 2.6 to 5.7 ml/h) 5, 6, 7 .
Hart and co-workers demonstrated considerable differences between manometer pressure and delivered infusion pressure with decreasing fluid bag volume leading to decreased flow rate through the flowregulating device 7 .
A recently detected imprecise manometer used in our operating theatre prompted us to compare indicated manometer with delivered infusion pressures among different bag pumps of the same brand and to evaluate the related effects on continuous flow through the flow-regulating device 8 .
MATERIALS AND METHODS
Plastic bags containing 500 ml of Ringer's lactate (Ecobag-B. Braun Medical AG, Emmenbruecke, Switzerland) with 500 IU heparin (Liquemin ® , Roche Pharma AG, Reinach, Switzerland) were pressurized by 10 different bag pumps of the same brand, randomly collected from the operating theatres and the intensive care units (Pressure Bag, 500 ml, ERKA, Bad Toelz, Germany). The plastic bags were connected to an invasive blood pressure transducer kit (Flow-regulating device combined with pressure transducer; Monitoring Set, Ref No 1674.036/2, Homedica AG, Cham Switzerland) using an infusion line without a drip chamber (Infusion System Ref  1674 052A , Medisize, Hillegorn, Netherlands). An industrial pressure transducer (Pressure Sensor, PA-35/80797-10; 0-10.000 mbar [linear accuracy ±0.05% (10-40°C)], Keller Druckmesstechnik, Winterthur, Switzerland) was placed between the infusion line and the flow regulating device for measurement of delivered infusion pressure proximal to the flow-regulating device. The industrial pressure transducer was chosen because the invasive blood pressure transducers used in our hospital are limited to a maximum pressure of 325 mmHg.
Flow rates delivered through the flow-regulating device were recorded as follows: the arterial pressure line was connected to a three-way stopcock, followed by a 50 cm low-compliant infusion line (PE-infusion line, Clinico Medical GmbH, Bad Mersfeld, Germany), leading into a sampling beaker. The fluid surface was covered by a thin layer of oil to avoid fluid evaporation. Fluid flow into the sampling glass was gravimetrically measured using an electronic balance (AG 204 Delta Range; 0-210 g; [linear accuracy ±0.2 mg (5-40°C)], Mettler Toledo, Schwerzenbach, Switzerland). The balance output was recorded at one second intervals by a personal computer employing MCPS V2.6-CAD software (Software GmbH, Moenchengladbach, Germany).
Experiments performed
Infusion pressures delivered at bag pump manometer pressures of 300, 200 and 100 mmHg were noted with the 500 ml infusion bag and after draining out 250 ml of fluid with the infusion bag positioned at the level of the flow-regulating device and industrial pressure transducer. Subsequently, measurements were repeated with the three bag pumps revealing the most precise, highest and lowest pressures at 300 mmHg manometer pressure, with the infusion bag +70, 0, -70 cm vertically placed to the flowregulating device.
In a second step continuous flow rates through the flow-regulating device were gravimetrically measured at monitored infusion pressures of 50, 100, 200, 300, 400, 500 mmHg each over a one-hour period with the flow regulating device, industrial pressure transducer and pressurized infusion bag placed at the level of the fluid surface in the sampling beaker (MAP= 0 mmHg).
All measurements were repeated twice with two infusion bags for each experiment respectively with two pressure monitoring sets. Experiments were performed at room temperature of 22°C. Data are presented as means±SD. Measured infusion pressures at 500 ml and 250 ml infusion bag volumes were compared using Student's t test. A P value <0.05 was considered to be significant.
RESULTS
Large differences in infusion pressures delivered using the 10 bag pumps tested were found at each of the three manometer levels (Figure 1 ). At 300 mmHg manometer pressure measured values ranged from 219.6±7.8 to 407.2±2.7 mmHg. Results are summarized in Table 1 . Placing the infusion bag with the bag pump 70 cm above or 70 cm below the flow regulating device further increased differences from set manometer pressure of 300 mmHg to 454.2± 2.6 mmHg and 157.8±2.4 mmHg respectively ( 250 ml bag volume group compared with the 500 ml bag volume group (P<0.0001; Table 1 ). The mean difference of measured infusion pressures (500 ml versus 250 ml bag volume) was significantly higher in the 300 mmHg group (76.6±12.4 mmHg) compared with the 100 mmHg group (24.3±17.5 mmHg) (P<0.0001; Figure 2 ). Flow rates delivered through the flow-regulating device closely correlated to driving pressures recorded proximal to the flow-regulating device (flow [ml/h])=0.0125 x measured infusion pressure [mmHg]; r 2 =0.99; Figure 3 ). According to this equation, the recorded maximum (454 mmHg) and minimum (97 mmHg) infusion pressures for an indicated 300 mmHg manometer bag pump pressure would result in flow rates of 5.7 ml/h and 1.2 ml/h respectively.
DISCUSSION
We have studied pressure variability among infusion bag pumps and pressure-related continuous flow rates through flow-regulating devices in an in vitro set-up. Our main finding was that infusion pressures delivered from infusion bag pumps can differ significantly from indicated manometer pressures. These differences can vary even more depending on the vertical position of the infusion bag pump and with decreasing infusion bag volumes.
Continuous flush systems consisting of a pressurized infusion bag and flow-regulating device are widely used in anaesthesia, critical care medicine and cardiac laboratories. They allow continuous flushing and the application of fast bolus flushing in order to clear the arterial line of blood. In the neonatal and paediatric population the relatively high continuous flow rate of approximately 3 ml/h is considered to be a disadvantage. Particularly in very small neonates or infants with fluid restriction, their use can lead to volume overload. Thus, most neonatal and paediatric intensive care units prefer syringe pumps to provide continuous flushing of arterial cannulae at fluid rates of 0.5 to 1.0 ml/h. A few paediatric anaesthesia and intensive care units use flush bags. Alternatively, lower manometer pressures of 150 to 200 mmHg are used in these patients.
As shown by our data, infusion bag pumps can deliver significantly higher pressures than indicated by the bag pump manometer. This leads to higher flow rates through the flow regulating devices ( Figure  3 ) and further enhances the risk of fluid overload particularly in small patients. It is likely that these driving pressures would generate even higher flow rates with other flow-regulating devices 6, 7 . These effects are further aggravated by positioning the infusion bag above the patient's bed. The measured 454.2 mmHg infusion pressure at 300 mmHg manometer pressure with the 500 ml infusion bag positioned 70 cm above the patient's bed would lead to fluid administration of 136.3 ml/d instead of the expected 72 ml/d. With three flow regulating devices employed, as common practice after neonatal cardiac surgery, 408.8 ml/d would be administered. In a 3 kg neonate this accounts for more than twice the daily fluid intake allowed in these patients (60 ml/kg/d) and this is only by the continuous flow rate of the flush system. In addition, the fluid volume resulting from fast bolus flushing must also be taken into account. It has to be considered that high flush volumes applied in these patients could cause anticoagulation due to heparin in the flush solution (1 IU heparin/ml). High infusion pressures bear the risk of retrograde flushing into the central arterial circulation during fast bolus flushing in neonates and small children 9 . Fast flush boluses from flow-regulating devices have been reported to achieve a velocity of 1.1 ml/s at 300 mmHg manometer pressure 6 . These values easily exceed the reported critical value of 0.5 ml/s of a hand-held flush bolus resulting in retrograde embolization of flush solution into the central arterial circulation in neonates 10, 11 . Thus, pressure bag pumps indicating a falsely low infusion pressure and positioning the infusion bag above the patient further increase the risk of retrograde flushing in these patients.
In contrast, infusion bag pumps delivering lower pressures than indicated on the manometer can result in inadequate continuous line flushing and weak fast bolus flushing. Positioning the 250 ml infusion bag below the operating table and using manometer pressures of 150 to 200 mmHg not only impairs continuous cannula flushing but also leads to backflow of blood into the cannula 12, 13 . Both can result in cannula obstruction and failure of the continuous pressure monitoring 14 . The resulting reduced catheter patency time is especially important in small prematures as they often need continuous pressure monitoring and blood sampling over long time periods.
The issue of variability of infusion pressures delivered by bag pumps of the same brand is probably mainly a problem of ageing equipment. Our findings imply that infusion bag pumps should be tested regularly either by the hospital medical technicians or by the manufacturer or the distributor. However, even in bag pumps indicating accurate pressures at 500 ml, reduced infusion bag volumes lead to lower infusion pressures and lower infusion rates as reported by Hart and co-workers and confirmed by our data 7 .
To guarantee a constant driving pressure, a simple test using the invasive blood pressure transducer can be applied in order to control and adjust the effective infusion pressure delivered. While the zeroing stopcock is turned to occlude the transducer to the arterial cannula and ambient pressure, the flowregulating device proximal to the transducer is opened. The infusion pressure is now transmitted to the pressure transducer and can be noted on the patient's vital sign monitor. This simple manoeuvre allows precise pressure measurement and adjustment without vigorous fast bolus flushing of the arterial pressure line and without interference with the arterial blood pressure. Infusion pressure monitoring should be used whenever studies on flush systems with pressurized infusion bags are performed in order to provide constant and comparable conditions.
The obvious limitation of this study is that the experiments were not carried out in vivo and we did not investigate the influence of the mean arterial pressure distal to the flow-regulating device on the continuous flow rate. However, although Hart et al suggested in their publication that the continuous flow through the flow-regulating device is directly dependent on the pressure difference across the flow regulating device 8 , McKinney and Orr demonstrated that the pressure distal to the flow-regulating device is a negligible factor and does not affect the continuous flow rate 5 .
In conclusion, delivered infusion pressures from infusion bag pumps can differ markedly from manometer pressures and they can further be affected by the vertical position of the infusion bag and by the infusion bag volume. The pressure-related flow differences have considerable impact on maintaining adequate continuous and fast bolus flushing, in particular to guarantee catheter patency and to avoid fluid overload as well as retrograde flushing into the central arterial circulation in neonates and small children.
